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In this study, a series of graphene oxide/magnesium oxide nanocomposites (GO/MgO NCs)
were synthesized and applied for the removal of Methylene Blue (MB) from aqueous solutions. The
prepared NCs were characterized using scanning electron microscopy, transmission electron
microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and thermogravimetric analysis.
The results showed that MgO particles were successfully layered on GO. The impacts of different
experimental variables on the removal of MB including GO/MgO NCs dosage, pH, contact time, and
initial MB concentration were investigated.
Thereafter, we investigated the mechanism and kinetics of ozonation processes in the presence
of GO/MgO NCs as a catalyst for the degradation of phenol. The generation of reactive oxygen species
such as hydroxyl radicals (•OH) and singlet oxygen (1O2) was studied during catalytic ozonation using
tert-butyl alcohol and sodium azide as radical scavengers. The mechanism of phenol degradation under
catalytic ozonation and reaction pathways were studied.
Finally, we studied response surface methodology (RSM) coupled with a central composite
design (CCD) to investigate process parameters affecting the removal of phenol in ozonation processes
using GO/MgO NCs as a catalyst. Analysis of variance (ANOVA) was performed to determine the
significant differences between the independent variables.
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CHAPTER 1
Introduction
Wastewaters from industries can be toxic and negatively affect human and environmental
health [1]. A variety of physical, chemical and biological methods are available for eliminating
contaminants from wastewater [2–5]. Among these technologies, adsorption is commonly used
because of its low cost, simple operation and design requirements, and low residual product
generation [1,6]. In the last few years, nanomaterials, as a new adsorbent, has been investigated
for the removal of different pollutants from water and wastewater, such as dyes, metals and
metalloids, antibiotics, microbial pollutants, pharmaceuticals and phenolic compounds [7–9].
Various organic dyes are aromatic compounds which are used in different industrial fields [10].
These dyes are soluble in water; therefore, they can easily partition to the aqueous environment
and, as a result, cause many environmental and health hazards [11].
Recently, new carbonaceous adsorbents have received the most attention due to their high
adsorption capacity. Graphene is one of the most interesting advanced carbon-based nanomaterials
with a two dimensional honeycomb sp2 carbon lattice, large theoretical surface area (2630 m2/g),
good chemical stability, high transparency, large electron mobility, high thermal conductivity and
remarkable elasticity [12–16]. Therefore, graphene is considered a favorable material for various
applications such as sensors, transistors, catalysis, and environmental pollution treatment [17–20].
Graphene oxide (GO) is a single sheet form of graphite with a high specific surface area which
contains various oxygenated surface functional groups [21]. These functional groups lead to the
negative surface charge, hydrophilicity and easy dispersion of GO in aqueous solutions [22]. These
1

properties make GO a great candidate for the removal of different pollutants by adsorption. Due
to its high surface area and functionalities, GO can be used as an excellent platform to grow various
nanoparticles.
In this study, first, we synthesized a new nano-composite as an adsorbent for adsorption of
dye from wastewater. We synthesis graphene oxide from graphite powder and modified it with
magnesium oxide (MgO). The characteristics of the new nano-adsorbent were investigated by
different methods. Thereafter, we used methylene blue (MB) as an organic dye to study the
adsorption ability of GO/MgO NCs in a set of experiments. We investigated:
•

If MgO can improve GO adsorption capacity

•

How pH can affect adsorption of MB by GO/MgO NCs

•

Effect of different experimental conditions on the removal of MB

•

GO/MgO adsorption capacity compared to other GO-based adsorbents

•

And isotherms and kinetics of the adsorption of MB by GO/MgO NCs

On the other hand, some organic compounds, because of their characteristics or low
efficiency of the adsorption, are poorly removed by adsorption processes. Due to a high
degradation efficiency for various classes of organic compounds, simplicity of application and
functionality at atmospheric temperature and pressure, advanced oxidation processes (AOPs) have
been considered to be viable and promising alternatives to other technologies for removal of toxic
compounds [23]. For an AOP, highly reactive radicals (mainly •OH) are generated; these molecules
can oxidize organic compounds into inorganic final products and/or to less toxic and more
biodegradable intermediates. Hence, an AOP is considered an efficient and flexible technique for
the treatment of toxic wastewaters.

2

During the past two decades, several AOPs have been developed and investigated for use
in the water and wastewater treatment industry [24,25]. In these processes, reactants such as ozone
are the main active species for oxidizing organic contaminants to dominantly, carbon dioxide and
water [26].

Ozonation alone, however, is relatively slow and can hinder AOPs practical

application [27]. To overcome this problem, several attempts for process modification have been
assessed in the literature. Catalytic ozonation, including heterogeneous and homogeneous catalytic
ozonation, are developed to ameliorate ozonation performance by the generation of reactive
oxygen species (ROS) [28–32].
A variety of catalysts have been developed for catalytic ozonation such as activated carbon,
metal oxides, and metals on supports [23,33–36]. Recently, new carbonaceous materials, such as
graphene, have been the focus of intense research because of their unique characteristics [37].
At the second part of this study, we applied GO/MgO NCs as a catalyst in AOPs for the
oxidation of phenol from wastewater. In this part and in a batch set of experiments, we used ozone
as an oxidizer and GO/MgO NCs as a catalyst to removal phenol in 100 mL synthesized
wastewater that contains 500 mg/L phenol. In this part, we studied:
•

If GO/MgO NC is an effective catalyst in the ozonation process for removal of phenol

•

Reactive oxygen species generated during the catalytic ozonation process

•

How experiment variables can affect the ozonation process

•

Mechanism of phenol degradation in catalytic ozonation process and reaction
pathways

•

Kinetic of degradation of phenol in catalytic ozonation using GO/MgO as a catalyst

In the third part of this study, we investigated the interaction between parameters in the
catalytic ozonation of phenol and produce a set of data to analyze and optimize the process. In this
3

classical experimental design, removal of the phenol in a catalytic oxidation process measured
without considering the interaction between parameters that can effect on the phenol removal.
Hence, each parameter has been studied individually, which gives less information on the
relationship between experimental parameters. In the following study, we evaluate the relationship
between independent parameters as a function for the removal of phenol. For this aim, the design
of experiments (DOE) combined with response surface methodology apply. DOE gives a
meaningful comparison between classical experimental design and statistically designed
experiments. DOE is a planned approach for determining cause and effect relationships. DOE
helps to reduce the number of experiments or trials and simultaneously change all factors that
affect the results. In the last part of this study, our focus can be written as follows:
•

Using the design of experiments combined with other technics to design required
experiments for modelling and optimization

•

Using computer software to analyze the results of experiments

•

Statistical techniques apply to generate an empirical model for the phenol removal in
the catalytic advanced oxidation process

Finally, we suggest a couple of investigations that can be done in the future using the results
of the current study. In the last section of the dissertation, we suggest studying the costeffectiveness of new nanomaterial production at an industrial scale. Additionally, removal of one
or more emerging contaminants from aqueous solution using newly synthesized material would
greatly demonstrate the breadth of application.

4
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CHAPTER 2

Synthesis of graphene oxide/magnesium oxide nanocomposites with high-rate adsorption of
methylene blue

1.1

Introduction
Wastewaters generated from industrial activity contain a variety of potentially toxic and

environmentally harmful compounds. These compounds present an increasingly serious threat to
human and environmental health [1]. Organic dyes are aromatic compounds that are commonly
used in various fields of industry, such as textile, pulp and paper, printing, food, plastic, and
tanneries [10]. These dyes can easily be transported within the aqueous environment because of
their high solubility in water, and as a result may pose many serious ecological, environmental,
and health hazards [11]. Various conventional methods have been proposed for the removal of
dyes from wastewater including physical, chemical, and biological technologies[38–41]. Among
the various pollutant-removal technologies, adsorption is the most commonly used due to its low
cost, simple operation and design requirements, low residual product generation, and its lack of
interaction with toxic substances [1,42]. Recently, nanomaterials, as new adsorbents, have been
investigated for the removal of various pollutants from water and wastewater, such as dyes, heavy
metals, antibiotics, microbial pollutants, arsenic, pharmaceutical and phenolic compounds [7–
9] [9], [10], [11]. Nanomaterials provide enhanced removal efficiencies compared to more
traditional adsorbents due to their unique chemical and physical characteristics.
Recently, new carbonaceous adsorbents have received the most attention due to their high
adsorption capacity. Graphene is one of the most interesting advanced carbon-based nanomaterials
with a two dimensional honeycomb sp2 carbon lattice, large theoretical surface area (2630 m2/g),
good chemical stability, high transparency, giant electron mobility, high thermal conductivity and
5

remarkable elasticity [12–16]. Therefore, graphene is considered a favorable material for various
applications such as sensors, transistors, catalysis, and environmental pollution treatment [17–20].
Graphene Oxide (GO) is an oxidized derivative of graphene which contains epoxide, hydroxyl,
and carboxyl groups [21]. These functional groups lead to the negative charge, hydrophilicity and
easy dispersion of GO in aqueous solutions [22]. These properties make GO a great candidate for
the removal of different pollutants by adsorption. Due to its high surface area and functionalities,
GO can be used as an excellent platform to grow various nanoparticles. In addition, GO helps
prevent agglomeration on nanoparticles.
Magnesium oxide (MgO) is an alkaline earth metal oxide with a destructive sorbent, high
surface reactivity, high adsorption capacity, and ease of production [10,43]. Recently, MgO
nanoparticles (MgO NPs) have been used for the removal of dyes, catechol, phenol, fluoride, and
formaldehyde from wastewater [10,11,23,44,45]. Thus, considering the synergistic advantage and
decoration of MgO NPs over the GO platform, GO/MgO nanocomposites (NCs) can be considered
as a potential adsorbent for the removal of pollutants.
In this paper, for the first time to the best of our knowledge, we synthesized graphene
oxide/magnesium oxide nanocomposite adsorbents and demonstrated its application for the
successful removal of MB dye from aqueous solutions. We investigated the impact of different
experimental conditions on the removal of MB by GO/MgO NCs and discussed the mechanism of
MB interaction with the adsorbent.

1.2

Materials and methods

1.2.1 Materials
Graphite powder (< 20 μm, MW: 12.01) was purchased from Sigma-Aldrich. Magnesium
Chloride Hexahydrate (MgCl2·6H2O), Sulfuric Acid (H2SO4), Hydrochloric Acid (HCl),
6

Hydrogen Peroxide 30% (H2O2), Potassium Permanganate (KMnO4), Sodium Nitrate (NaNO3),
Sodium Hydroxide Solution (NaOH) and Methylene Blue (C16H18ClN3S) were obtained from
Fisher Scientific. All chemicals used in the experiments were analytical grade.
1.2.2 Preparation of GO
The GO was prepared according to the modified Hummers method [46]. Briefly, 2 g of
graphite powder was mixed with 50 mL sulfuric acid (98 wt.%) and 2 g sodium nitrate in a 500 mL
flask in an ice bath at 0 °C. While vigorously stirring, 6 g of potassium permanganate was
gradually added to the flask, and stirring was maintained for 2 h where after 100 mL of DI water
was added to the solution. The solution temperature was rapidly increased to 98 °C and maintained
for 30 min. Then 100 mL of deionized water was added and the temperature was increased rapidly
to 98 °C and kept for 30 min. 300 mL DI water was then added to the flask. Following that, 20 mL
of hydrogen peroxide (30 wt.%) solution was added, causing the color of the mixture to turn to
yellow. The mixture was filtered and washed with hydrochloric acid (5%) solution and DI water
several times to eliminate any residuals. Ultimately, GO was synthesized by sonication of the
dispersion for 60 min and drying at 60 °C.
1.2.3 Preparation of MgO NPs
MgO nanoparticles were synthesized by Sol-gel Method. This method has been
successfully used for MgO nanoparticle synthesis and has been proved to be efficient with respect
to its simplicity, cost effectiveness and providing unique surface adsorption characteristics [47].
In this study, 100 g of magnesium chloride hexahydrate was dissolved in 500 mL of DI water in a
1 L flask, and 50 mL of sodium hydroxide solution (1 N). The solution was stirred for 4 h to
generate the magnesium hydroxide. The solution was then centrifuged (5000 rpm - 7 min) to
separate the Mg(OH)2 gel from the suspension. Mg(OH)2 gel was washed a few times with DI
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water and dried at 100 °C for 24 h. Finally, MgO nanoparticles were synthesized by calcination at
550 °C for 2 h.
1.2.4 Preparation of GO/MgO NCs
Three different ratios of GO/MgO NCs (5:1, 1:1, and 1:5) were synthesized by
impregnation. Briefly, 0.3 g of GO was added in a baker with 300 mL DI water and sonicated for
60 min. Different amounts of Mg oxide nanoparticles (NPs) (i.e., 0.06 g, 0.3 g, and 1.5 g) were
added to the dispersion baker. After 30 min of sonication, the suspension was collected by
centrifuging and dried at 60 °C.
1.2.5 Preparation of methylene blue (MB) solution
MB has a molecular weight of 319.85 g/mol. It is water-soluble, and blue in color (λ max
664 nm). A standard solution (1000 mg/L) was prepared by dissolving accurately weighed amount
of MB in a known volume of DI water. The experimental solutions were prepared by diluting the
standard solution of MB with DI water to give the appropriate concentration of the desired
solutions.
1.2.6 Characterization
A series of GO/MgO NCs in different ratios (5:1, 1:1, and 1:5) were prepared by the
sonication method. The surface morphology of the GO, MgO, and GO/MgO was characterized by
scanning electron microscopy (SEM) images by Hitachi S-4800 ultra-high-resolution and
transmission electron microscopy (TEM) with an ultrahigh-resolution microscope and an
accelerated voltage of 300 kV, a point-to-point resolution of 0.18 nm and a lattice resolution of
0.10 nm. Powder X-ray diffraction (XRD) patterns were obtained by Rigaku Ultima III X-ray
diffraction system. The system was configured with a vertical Theta: Theta wide angle goniometer,
high intensity Cu x-ray tube (1.54 Å wavelength), and a scintillation counter detector. The scans
8

were carried on in 2θ with a range of 5° to 80° and 1 s count time per step. Fourier Transform
Infrared (FTIR) spectroscopy was used for analysis of chemical bonds from 4000 to
400 cm− 1 wave number range by using Perkin Elmer Frontier spectrometer at room temperature.
X-ray photoelectron spectroscopy (XPS) was performed with PHI 5000™ to determine elements
contained in prepared powders and their chemical states. Thermogravimetric analysis (TGA) of
GO/MgO NCs was performed with a TA Instrument TGA-SDT 2960 using 10°/min heating rate
under 100 mL/min nitrogen gas flow. Chemical stability of GO/MgO NCs was investigated in
various pH values (i.e., pH = 1, pH = 3, and pH = 7). For this purpose 0.1 g/L of NCs in different
ratios (5:1, 1:1, and 1:5) were dispersed in water solution while stirring with a magnetic stirrer in
125 mL flasks at room temperature. After 2 h, the solution was filtered by 0.2 μm NYL syringe
filter. Then, the concentration of Mg ions was measured by colorimetric methods as described
previously [48].
1.2.7 Dye adsorption experiments
The initial and final concentrations of MB solutions were determined by measuring
absorbance changes at their respective absorption maxima and sampling at regular intervals, using
UV–Visible spectrophotometer (Thermo Scientific, Evolution 201) at the MB maximum
adsorption wavelength (664 nm). All dye adsorption experiments were carried out in 125 mL
flasks with constant stirring. 100 mL of the 20 mg/L MB solutions were mixed with an appropriate
amount of -adsorbent and stirred for defined contact times in an ambient condition. The dye
removal efficiency (%) at time 𝑡 was calculated by Equation (1-1) as follows:
𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =

𝐶0 − 𝐶𝑡
× 100
𝐶0

(1-1)

where C0 and Ct are initial and at time t concentrations of MB (mg/L), respectively. The influences
of experimental parameters, dosage of powder (0.1–1 g/L), contact time (5–60 min), and initial
9

dye concentration (5–100 mg/L) on the removal of MB were studied in the batch mode of
operation. All adsorption experiments were run in duplicates and the mean values were reported.
The pH of each solution was adjusted by adding diluted HNO3 or NaOH and measured with an
Orion 5 Star Series Meter.
1.2.8 Isothermal study
The adsorption isotherms were used for evaluation of equilibrium data. It is necessary to
fit the equilibrium absorption data with different adsorption isotherms to analyze an absorption
process [30]. Hence, the more common isotherm models, Langmuir and Freundlich models were
used in this study. The amount of methylene blue adsorption at equilibrium qe (mg/g) was
calculated by using the mass balance Equation (1-2):
𝑞𝑒 =

(𝐶0 − 𝐶𝑒 )𝑉
𝑚

(1-2)

where C0 and Ce are initial and equilibrium concentrations of MB (mg/L), respectively, V is the
volume of the solution (L), and m is the mass of adsorbent, GO, MgO, or GO/MgO NCs (g).

1.3

Results and discussion

1.3.1 Characterization of GO, MgO, and GO/MgO NCs
The SEM images of GO, MgO and NCs are shown in Figure 1.1(a) shows that MgO
powders are porous and agglomerated consistent with previous studies [10,11]. GO obtained from
modified Hummers method is shown in Figure 1.1(b), with a layer of wrinkled graphene oxide
sheet at a low magnification. 3D nanostructures of GO/MgO NCs that are synthesized by the
sonication method are shown in Figure 1.1 (c, d, and e), for the three different ratios of 1:5, 1:1
and 5:1, respectively, depicting that the surfaces of GO are covered by MgO. Compared to
GO/MgO NC 1:5 ratio, there are smaller amounts of MgO on GO surface in 1:1 and 5:1 ratios. It
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is evident from the SEM images that MgO particles were anchored heterogeneously on the GO
sheets. GO sheets show agglomerated leaf-like structure.

Figure 1.1 SEM images: (a) MgO, (b) GO, and GO/MgO NCs for ratios (c) 1:5, (d) 1:1, and (e)
5:1

TEM images of MgO NPs distributed on the graphene oxide sheets are shown in Figure
1.2 (a–c) for the three different NC ratios. The figures show that MgO NPs are smaller than 20 nm.
Similarly, to the SEM images, dispersion of MgO NPs on GO sheets is not completely uniform.
The figures also show that MgO NPs are sitting tightly on GO nano-sheets.
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Figure 1.2 TEM images for GO/MgO NCs for ratios (a) 1:5, (b) 1:1, and (c) 5:1

XRD patterns of graphite, GO, MgO, and GO/MgO NCs are shown in Figure 1.3. As
shown in Figure 1.3(a), the diffraction peak for graphite is at 2θ = 26.40°, while the diffraction
peak for GO is at 2θ = 11.2°. This change in the peak shows that the oxidation process decreases
peak intensity and it demonstrates the typical loose layer-like structure of GO. The GO peak is due
to the abundant oxygen-containing functional groups on the surface of GO [49]. The presence of
GO, MgO, and Mg(OH)2 in the NC powders can also be observed. As shown in Figure 1.3(b), the
peaks positioned at 2θ = 36.8°, 42.8°, 62.3°, 74.5°, and 78.4° belong to MgO. In addition, the
diffraction peaks at the 2θ value of 18.4°, 32.8°, 38.0°, 50.9°, 58.7°, 68.4°, and 72.1° are matched
with Mg(OH)2. Mg(OH)2 was produced during modification of GO by MgO through a sonication
process in DI water. The diffraction peak for GO at 2θ = 11.2° decreased as the ratio of MgO was
increased in the NCs and it almost disappeared in the GO/MgO 1:5 ratio.
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Figure 1.3 XRD patterns: (a) Graphite and Graphene Oxide, (b) GO/MgO NCs for ratios 1:5, 1:1,
and 5:1

In order to investigate the functional groups of GO, MgO, MB, and GO/MgO NCs, FTIR
spectroscopy was used in the wavenumber range of 4000–400 cm− 1. The results are shown in
Figure 1.4. In Figure 1.4(a), the sharp peak around 3700 cm− 1 on MgO and GO/MgO NCs is
related to the presence of hydroxyl groups. For MgO NPs, the hydroxyl group comes from the
reaction between the surface of MgO NPs with water vapor in air or defects [47]. The intensity of
this peak decreases with a decrease in the MgO ratio in GO/MgO NCs. For GO and GO/MgO
NCs, the broad band in the range of 3100–3500 cm− 1 is assigned to the appearance of the
stretching of O ̶ H [8]. The FTIR of GO is in good agreement with other reported studies
[15,50,51]. The peaks at 1730 cm− 1 and 1630 cm− 1 correspond to C=O and C=C stretching. The
bands located at 1388 cm− 1 and 1068 cm− 1 are ascribed to C-OH stretching and –O-C stretching
vibrations mode of sp2 carbon skeletal, respectively. Figure 1.4(b) shows the infrared spectra of
the MB and GO/MgO NCs after adsorption. For MB, peaks detected at 1604 cm− 1 and
1494 cm− 1 can be attributed to stretching vibrations of the aromatic rings. The peak at
1400 cm− 1 can be attributed to C-N stretching, and the peak at 1358 cm− 1 reflects -CH3 symmetric
deformation 36 [34]. Similar bands appeared in the infrared spectra of GO/MgO NCs after
adsorption with some shift from 1604 cm− 1 to 1594 cm− 1 for GO/MgO 1:5 ratio, and to
1589 cm− 1 for GO/MgO 1:1 and 5:1 ratios.
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Figure 1.4 FTIR spectra: (a) MgO, GO, and GO/MgO NCs before adsorption; (b) MB and
GO/MgO NCs after adsorption
In addition, the peak at 1494 cm− 1 shifted to around 1488 after adsorption for all ratios.
Similar results have been reported previously [52]. These shifting bands for aromatic rings suggest
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that there may be π–π interaction between the aromatic rings of MB and the GO/MgO NCs. The
sharp peak around 3700 cm− 1 disappeared after adsorption in GO/MgO 5:1, which is due to the
interaction between hydroxyl groups on the surface of the adsorbent and MB.
The full scan XPS spectrum of GO/MgO NCs before and after adsorption of MB is given
in Figure 1.5. Similar to FTIR results, the intensity of the Mg peaks (Mg 1s, Mg KLL, Mg 2S, and
Mg 2p) increases with the increase of Mg ratio in the NCs, whereas the intensity of C peaks (C
KLL and C1s) decreases (Figure 1.5(a)). After adsorption of MB on the NCs, there are new peaks
for S and N, which correspond to MB as shown in Figure 1.5(b).
(a)
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(b)

Figure 1.5 XPS spectrum of GO/MgO NCs (a) before and (b) after adsorption

In order to study the thermal stability of GO/MgO NCs, TGA was performed up to 900 °C
and the results are shown in Figure 1.6. As seen from the results, an initial weight loss up to 110°
was observed for all NC ratios, which is mainly due to dehydration [53]. For GO/MgO NC ratio
1:5, the major weight loss took place between 290 and 450 °C. The 25% weight loss in this
temperature range is mainly due to the decomposition of Mg(OH)2 [54]. On the other hand,
GO/MgO NC with 1:1 ratio lost 17% in this range as a result of Mg(OH)2 decomposition. This
weight loss is not as sharp as that with the GO/MgO NC 1:5 ratio, which is due to the
decomposition of oxygen-containing functional groups within GO [55] in addition to
Mg(OH)2 decomposition. For GO/MgO NC 5:1 ratio, the weight loss is 7% between 290 and
450 °C. Due to the existence of higher amounts of GO within the GO/MgO 5:1 NC, decomposition
of labile oxygen-containing functional groups such as hydroxyl or epoxy (within GO) is more
considerable in the range of 150–500 °C [56] compared to the decomposition of Mg(OH)2.
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Figure 1.6 Thermogravimetric analysis of GO/MgO NCs

Table 1.1 shows the percentage of Mg ions in each ratio (5:1, 1:1, and 1:5) of GO/MgO
NCs and pure MgO solutions at different pHs. Almost all of the Mg ions in all ratios of NCs are
dissolved in the solution at pH 1. The solubility of Mg decreased with the increase in pH. As seen
from the results (e.g., pH = 3 and pH = 7), GO/MgO NC with 5:1 ratio has the lowest concentration
of Mg ions dissolved in solution as compared to other ratios with lower amounts of GO within the
NC. This is because of the partial wrapping of MgO by graphene oxide that can acts as a barrier
for MgO against acids. Similar results were reported for the ZnO-Graphene composite and the
PbS-Graphene composite [15,57]. The comparison of the results of NCs to MgO also shows the
higher acid resistance of the synthesized NC material over pure MgO, due to the lower observed
solubility of Mg in NCs demonstrating higher stability of Mg with increased pH.

17

Table 1.1 Percentage of Mg concentration at effluent solution of GO/MgO NCs at different pH
Adsorbent

pH=1

GO/MgO 1:5

99.13 ± 1.07 % 76.14 ± 1.2 %

47.35 ± 0.15 %

GO/MgO 1:1

100 ± 1.03 %

74.3 ± 1.03 %

25.79 ± 0.83 %

GO/MgO 5:1

100 ± 0.34 %

66 ± 1.2 %

17.1 ± 0.15 %

1.3.2

pH=3

pH=7

Dye adsorption
Adsorption of MB by GO/MgO NCs, GO, and MgO was investigated under different

experimental conditions: dosage of adsorbent, contact time, and initial MB concentration. The
effect of each of these variables on the adsorption of MB is described in detail below.
1.3.2.1 Effect of dosage
The effect of GO, MgO, and GO/MgO NC dosage (0.1–1 g/L) on the removal of MB
(20 mg/L) was studied at pH of 7. The remaining dye concentration was measured after 20 minutes
of stirring the suspension. The results showed that for all GO/MgO ratios, the efficiency of
adsorption increased with the increase of dosage of adsorbents (Figure 1.7(a)). This is attributed
to the increase in the availability of adsorbent surface area and active sites provided at higher
dosage [10,58]. According to Figure 1.7(a), the optimum adsorbent dosages for adsorbing 20 mg/L
of MB were as follows: 1 g/L for MgO, 0.6 g/L for GO, 1 g/L for GO/MgO 1:5 ratio, 0.6 g/L for
GO/MgO 1:1 ratio, and 0.6 g/L for GO/MgO 5:1 ratio. These dosages were used in the following
experiments.
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1.3.2.2 Effect of contact time
The effect of contact time on the adsorption of MB on GO, MgO, and GO/MgO NCs was
investigated in the range of 1–60 minutes for the removal of 20 mg/L MB concentration at
pH 7. Figure 1.7(b) shows that the MB removal percentage increased quickly with the increase of
contact time. The adsorption of MB onto GO and GO/MgO NCs increased rapidly in the first
10 min, then was more gradual. More than 55% of the dye was removed in the first minute for GO
and all ratios of GO/MgO NCs. This could be due to the high number of available adsorption sites
at the beginning of the adsorption process, which then later became saturated. According to the
results seen in Figure 1.7(b), at all times, GO/MgO NC with 5:1 ratio had the highest removal
percentage, whereas MgO had the lowest value. Although the removal efficiency of NC with 1:1
ratio was higher than the 1:5 ratio and GO, it was still slightly lower than the NC with 5:1 ratio.
The results showed that for GO, and all GO/MgO NCs ratios, almost all of the MB dye was
removed in 20 minutes after which there was no significant increase in the adsorption efficiency
of MB. On the other hand, pure MgO removed only 8% of MB after 20 minutes; this percentage
did not improve over time. As a result, 20 minutes contact time was chosen as the optimum time
for the experiments to study the effect of initial MB concentration.

1.3.2.3 Effect of initial concentration of MB
Since MB is used in different industries, dye concentration in wastewater is variable. As a result,
it is important to study the adsorption efficiency of adsorbents for different initial MB
concentrations. In this study, MB concentrations in the range of 5–100 mg/L were prepared and
the performance of dye removal was studied at pH of 7 after 20 min. As shown in Figure 1.7(c),
almost all of the 5, 10, 15, and 20 mg/L initial concentrations were removed in 20 minutes for GO
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and all GO/MgO NC ratios. After 20 mg/L concentration, the efficiency of adsorption decreased
gradually. GO/MgO NC with 5:1 ratio had the highest capacity for removal of MB compared to
other NC ratios or GO, where the adsorption efficiencies for initial concentrations of MB at 30,
50, and 100 mg/L were 92%, 77%, and 53%, respectively. On the other hand, the NC 1:5 ratio had
the lowest efficiency among the GO/MgO NCs for MB removal with the observed adsorption
efficiencies of 81%, 59%, and 33%, for initial MB concentrations of 30, 50, and 100 mg/L,
respectively. The efficiency of MB removal by the NC with 1:1 ratio was remarkably less than the
5:1 ratio, but close to 1:5 ratio, where the removal efficiencies for these last two ratios were not
noticeable. Pure GO, compared to NC ratios 1:1 and 1:5 removed MB at higher efficiency, while
the removal efficiency was lower compared to the NC with 5:1 ratio. The results, therefore,
indicated that the initial dye concentration significantly affected the MB removal efficiency onto
the adsorbents and the adsorption of MB was mainly occurring on the GO sites compared to the
MgO sites which are consistent with FTIR results. Similar results were obtained [59] for superior
adsorption ability of GO compared to Mg(OH)2. Figure 1.7(d) and 2.7e illustrate the comparative
behavior of GO and GO/MgO NCs in water. Although GO is completely dispersed in water
because of the presence of polar functionalities as well as the formation of hydrogen bonds
between GO and water molecules (Figure 1.7(d)), the GO/MgO NCs precipitate to the bottom of
the tube (Figure 1.7(e)) which may be due to the interaction between the functional groups of GO
with MgO particles. Since MgO particles are heavy, these interactions cause the composite to settle
down. An illustration of an aqueous solution of 20 mg/l MB dye before (Figure 1.7(f)) and after
(Figure 1.7(g)) treatment with GO/MgO NCs is also shown. The GO/MgO NC was successfully
applied for removal of MB while rendering GO easily settled in aqueous solutions. Illustration of
(d) GO being completely dispersed in water; (d) addition of the synthesized GO/MgO NC material

20

separating GO from water by precipitating to the bottom of the tube; (e) before and (e) after
treatment of 20 mg/L MB solution in water by GO/MgO NC material after 20 minutes contact
time at pH 7.

Figure 1.7 Removal of MB (20 mg/L) at pH 7 based on (a) GO/MgO NC dosage after 20 min; (b)
contact time; (c) initial MB concentration after 20 min for different ratios of 1:5, 1:1, and 5:1

1.3.3 Adsorption isotherms, effect of pH and adsorption mechanism
Adsorption isotherms were studied to determine the adsorption mechanisms. Among all
isotherm models, Langmuir and Freundlich equations are the most commonly used [60].
The Longmuir model is based on the assumption that adsorption is a monolayer adsorption
on a homogenous surface of adsorbent, and is described as Equation (1-3):
𝐶𝑒 𝐶𝑒
1
=
+
𝑞𝑒 𝑞𝑚 𝑞𝑚 𝐾𝑙

(1-3)
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where Ce (mg/L) is the equilibrium concentration of MB, qe (mg/g) is the amount of MB adsorbed
per unit weight of GO/MgO NCs, qm (mg/g) is the maximum theoretical MB adsorbed,
and KL (L/mg) is the Longmuir constant related to the affinity of binding sites. The Langmuir
isotherm plots Ce/qe versus Ce are used to calculate the qm and Kl values from the slopes and
intercepts of the plots.
The Freundlich model is based on the assumption of multilayer adsorption on adsorbent and is
described as Equation (1-4):

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝑘𝑓 +

1
𝑙𝑜𝑔𝐶𝑒
𝑛

(1-4)

where kf (mg/g) and n are the Freundlich constants indicating the capacity of the adsorbent for the
adsorbate and strength of adsorption, respectively. The Freundlich isotherm plots log qe versus
log Ce, are used to calculate the kf and n values.
The fitted results for the Longmuir and Freundlich isotherms are shown in Figure
1.8. Table 1.2 shows the parameters of Langmuir and Freundlich adsorption isotherms for MB
adsorption onto GO and GO/MgO NCs with the three different NC ratios at three different pH
values and MgO at pH of 7.
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Figure 1.8 Adsorption isotherms of MB on GO/MgO NCs for ratios (a) 1:5, (b) 1:1, (c) 5:1, GO,
and MgO at different pH
Table 1.2 shows the correlation coefficients (r2) of the Langmuir isotherms are greater than
the ones calculated by Freundlich isotherms for adsorbents, indicating that the adsorption of MB
onto GO, MgO, and GO/MgO NCs would take place in a monolayer adsorption. The maximum
adsorption capacity, qm, of the MB onto all adsorbents, in different pHs is given in Table 1.2.
Maximum adsorption capacity for GO/MgO is observed to be the highest for 5:1 ratio, whereas
the GO/MgO 1:5 ratio had the lowest amount of adsorption capacity among the NCs. It can be
concluded that GO/MgO NCs with 1:1 and 5:1 ratios had higher adsorption capacities of MB
removal in comparison with pure GO and MgO. This synergetic effect can be attributed to the
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efficient dispersion of MgO on GO sheets, inhabitation of agglomeration of MgO NPs, and
suppression of stacking and bundling of GO sheets. Similar synergetic outcomes were also
observed for GO nanosheets with different composites [53,61]. Our results showed that the
efficiency of adsorption of MB was dependent on the pH of the solution.
Table 1.2 Langmuir and Freundlich isotherm parameters for MB sorption onto GO/MgO NCs,
GO, and MgO at different pH
Adsorbent

Initial
pH Concentration Langmuir

Freundlich

(mg/L)

GO/MgO 1:5

GO/MgO
1:1

GO/MgO
5:1

GO

MgO

3

200

qm
kL
(mg/g) (L/g)
87
0.024

7

200

104

0.048

0.9908

5.71

38.11

0.9215

11

200

114

0.045

0.9959

4.69

35.18

0.9571

3

500

370

0.022

0.9970

5.7

120.61

0.9766

7

500

500

0.012

0.9916

3.45

74.15

0.9662

11

500

588

0.009

0.9953

2.76

53.38

0.9897

3

500

476

4.2

0.9985

10.66

297.37

0.8242

7

500

588

0.090

0.9973

7.37

264.12

0.9378

11

1000

833

0.007

0.9944

4.5

163.72

0.9868

3

700

285

0.0413 0.998

18.58

169.2

0.6892

7

700

333

0.089

0.9989

47.39

287.07

0.3462

11

700

333

0.306

0.9966

178.5

314.8

0.0113

7

50

9.27

0.043

0.9902

2.907

1.65

0.9653

R2

n

kf (L/g)

R2

0.9979

3.77

18.14

0.9752

Figure 1.8 Adsorption isotherms of MB on GO/MgO NCs for ratios (a) 1:5, (b) 1:1, (c) 5:1,
GO, and MgO at different pH also presents the influence of the initial pH of the solution on the
adsorption of MB onto GO and GO/MgO NCs in the pH ranges of 3.0, 7.0, and 11.0. According
to the results, the highest and the lowest adsorption capacity of the MB with GO and GO/MgO
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NCs belongs to pH 11.0 and pH 3.0, respectively. For better understanding of the pH effect, the
pH of point of zero charge (𝑝𝐻𝑝𝑧𝑐 ) of GO/MgO NCs was determined according to the pH drift
procedure [62], where the 𝑝𝐻𝑝𝑧𝑐 for GO/MgO ratios 5:1, 1:1, and 1:5 were determined to be ~ 9.7,
10.5, and 10.5, respectively (inset in Figure 1.9). On the other hand, the 𝑝𝐻𝑝𝑧𝑐 for pure GO and
MgO is 3.9 [63] and 12.4 [10], respectively. At pH below 𝑝𝐻𝑝𝑧𝑐 , the adsorbent surface has a
positive charge and at pH above pHpzc the surface has a negative charge. Therefore, electrostatic
attraction can be the dominant mechanism of adsorption between GO or GO/MgO NCs and MB
when pH is above 𝑝𝐻𝑝𝑧𝑐 . For pH values below 𝑝𝐻𝑝𝑧𝑐 , other adsorption mechanisms such as
hydrogen bonding [62] and π–π interaction [64] may attribute to the adsorption.

Figure 1.9 Schematic illustration of probable adsorption mechanisms of MB by GO/MgO NC
below and above 𝑝𝐻𝑝𝑧𝑐
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Figure 1.9 illustrates probable adsorption mechanisms of MB by GO/MgO NCs when pH was
above and below 𝑝𝐻𝑝𝑧𝑐 . Comparably, the same pH-regulated behavior was observed in different
studies on MB[22,65–67] .
Table 1.3 Comparative summary of MB adsorption by various GO-based adsorbents
Adsorbent

qe (mg/g)

Temperature °C

pH

Reference

Graphene

204

60

NRa

[68]

Graphene

185

40

NRa

[68]

Graphene

153

20

NRa

[68]

GO

240

25

6

[69]

GO

730

0

8

[65]

GNS/Fe3O4

43.8

24

NRa

[67]

GO

43.5

30

5.3

[51]

MCGO

95.16

30

5.3

[51]

GO

144.9

25

5.4

[70]

GO/CA

181.1

25

5.4

[70]

GO/MgO 1:5

114

Ambient

11

This study

GO/MgO 1:1

588

Ambient

11

This study

GO/MgO 5:1

833

Ambient

11

This study

GO

333

Ambient

11

This study

MgO

9.27

Ambient

7

This study

A comparative summary of the adsorption capacities of the various GO-based adsorbents
reported in the literature for the removal of MB is given in Table 1.3. It is seen that the adsorption
capacity of the GO/MgO is greatest for the 5:1 ratio (833 mg/g) compared to other ratios tested in
this study (588 mg/g for 1:1 ratio and 114 mg/g for 1:5 ratio) and GO (333 mg/g), as well as
compared to other graphene-based composite adsorbents listed for MB removal. This high
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adsorption capacity shows that GO/MgO NCs is an applicable adsorbent for the efficient removal
of MB from wastewater.
1.3.4

Kinetics studies
In order to investigate the mechanism of the adsorption process, two most common kinetic

models: pseudo-first-order equation and pseudo-second-order equation were employed to analyze
the experimental data for all GO/MgO ratios at an initial concentration of 20 mg/L MB. Figure
1.10 presents the adsorption kinetics of MB onto GO, MgO, and GO/MgO NCs using the two
models. The pseudo-first order equation [71] is represented as Equation (1-5):
1
𝑘1
1
=
+
𝑞𝑡 𝑞𝑒 𝑡 𝑞𝑒

(1-5)

where 𝑞𝑒 (mg/g) and 𝑞𝑡 (mg/g) are the amounts of MB adsorbed on adsorbents at equilibrium and
at time t, respectively, and k1 (1/min) is the pseudo-first-order constant. The parameters values of
the kinetic models are given in Table 1.4 Pseudo-first order and pseudo-second order adsorption
constants. The results show that the experimental 𝑞𝑒 is not close to the calculated 𝑞𝑒 and the
coefficient of determination r2 is low indicating a poor fit with the pseudo-first-order kinetic
model.
The pseudo-second-order equation [72] is expressed as Equation (1-6):
𝑡
1
𝑡
=
+
2
𝑞𝑡 𝑘2 𝑞𝑒 𝑞𝑒

(1-6)

where k2 (g/mol min) is the equilibrium rate constant of the pseudo-second-order equation. As seen
in Table 1.4, the coefficient of determination r2 in the pseudo-second-order model is greater than
0.999 in all GO/MgO NC ratios. Also, the experimental 𝑞𝑒 is close to the calculated 𝑞𝑒 , illustrating
a strong pseudo-second-order model fit for the MB adsorption onto the GO, MgO, and GO/MgO
NCs tested in this study.
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(a)

(b)

Figure 1.10 (a) Pseudo-first order kinetics and (b) pseudo-second order kinetics for adsorption of
MB by GO, MgO, and GO/MgO NCs
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Table 1.4 Pseudo-first order and pseudo-second order adsorption constants
GO/MgO 𝑞𝑒,𝑒𝑥𝑝
Ratio
(mg/g)

pseudo-first order model

pseudo-second order model

𝑞𝑒,𝑐𝑎𝑙
(mg/g)

k1 (1/min) R2

𝑞𝑒,𝑐𝑎𝑙
(mg/g)

k2 (1/min)

R2

1:5

21

7.39

0.0163

0.8821

20

0.0029

0.9995

1:1

34

9.26

0.0183

0.7474

33.67

0.0290

0.9998

5:1

34

8.29

0.0196

0.6895

33.44

0.0259

0.9998

1.4

Conclusions
In this study, the graphene oxide/magnesium oxide adsorbent is synthesized and its

application for the removal of MB dye from aqueous solutions is demonstrated. The TEM
characterization of adsorbents showed that MgO NPs are successfully decorated over GO surface.
FTIR results confirmed the synthesis of hybrid composite materials by the formation of chemical
bonding between MgO and GO. The synthesized GO/MgO NC showed an improvement in MB
adsorption capacity compared to either pure GO or MgO. The GO/MgO nanocomposite with 5:1
ratio demonstrated the highest adsorption capacity as 833 mg/g at pH 11 for removal of MB. The
adsorption analysis showed that the adsorption of MB was mainly occurring onto the GO rather
than the MgO sites within the composite. The synthesized NCs are promising adsorbents and can
be further tested for the successful removal of other pollutants from water and wastewater.
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2

CHAPTER 3

Contrasting GO/MgO nanocomposite catalyzed phenol ozonation pathways

2.1

Introduction
In recent years there has been extensive attention given to Advanced Oxidation Processes

(AOPs), such as ozonation, for removal of organic contaminants from water and wastewater due
to high oxidation potential [24,25]. In these processes, reactants such as ozone are the main active
species for oxidizing organic contaminants to carbon dioxide and water or, alternatively, convert
them into readily biodegradable compounds [26]. However, the direct oxidation by ozone alone
is relatively slow and can hinder its practical application [27]. To overcome this problem, several
attempts for process modification have been assessed in the literature. Catalytic ozonation (CO),
including heterogeneous catalytic ozonation[28] and homogeneous catalytic ozonation[30], has
been developed to ameliorate ozonation performance through the generation of reactive oxygen
species (ROS) such as hydroxyl radicals (•OH), superoxide radical (•O2-), and singlet oxygen (1O2)
[32].
A variety of catalysts have been developed for catalytic ozonation such as activated carbon
[33,34], metal oxides [23], and metal on supports [36]. Recently, new carbonaceous materials,
such as graphene, have been the focus of intense research because of their unique characteristics
including chemical stability, high transparency, electron mobility, high thermal conductivity and
elasticity [37]. Considering these characteristics, graphene has been applied as a catalyst support
for different metal oxides such as MnO2, TiO2, Fe3O4, and Co3O4 [27,73,74]. Magnesium oxide
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(MgO), however, has sparingly been addressed in the literature as a catalyst backed on graphene.
MgO has been shown to be a promising catalyst for heterogeneous ozonation in wastewater
treatment due to its high efficient activity, structural stability, ease of production, environment
friendliness, and nontoxicity [75,76]. In our previous study [37,77], we showed an improvement
of methylene blue adsorption by graphene oxide when it is modified with magnesium oxide
(GO/MgO). We demonstrated that the adsorption capacity of GO increases from 333 mg/g to 833
mg/g. Considering the attractive merits of GO/MgO nanocomposite (GO/MgO NCs), an
investigation on the effect of GO/MgO NCs, as a catalyst, on oxidation of organic pollutants is
essential.
In the present work, we investigate the catalytic effects and mechanism of the GO/MgO
NCs in the ozonation process (O3/GO/MgO) through the study of the fate O3 decomposition and
ROS generation. Classical quenching tests were carried out to investigate the dominate ROS
generated in the process of O3/GO/MgO. Furthermore, we investigate the catalytic effect of
GO/MgO NCs during ozonation at different experimental conditions such as pH, GO/MgO dosage,
and ozone dosage.
Wastewater from many industries such as petrochemical, pharmaceutical, refineries, oil field
activities, and coal processing contains high concentrations (6-500 mg/L) of phenol that needs
removal before discharge to the environment [45,78]. Phenol is a toxic substance that can cause
several problems for human health and the environment [45]. Different conventional methods have
been proposed for the removal of phenol from wastewater including chemical and biological
treatment [73,79]. Biological processes are more favourable due to cost-effectiveness, and
simplicity of implementation and operation [80]. But, phenol can inhibit degradation reactions at
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concentrations above 50 mg/L in wastewater [81]. Therefore, using AOPs for mineralization of
phenol in high concentration is required to remove phenol in wastewater.

2.2

Experimental Methods

2.2.1 Materials
All chemicals and reagents used in this study were analytical grades. Phenol solution (90%),
Starch Indicator (0.5% w/v), Potassium Iodide (99%), Sodium Nitrate, Magnesium Chloride
Hexahydrate, Sulfuric Acid (98%), Hydrochloric Acid, Sodium Thiosulfate (0.1 N), Potassium
Permanganate, tert-Butyl Alcohol (99.5%), Sodium Azide, Sodium Hydroxide Solution, and
Hydrogen Peroxide (30%) were purchased from Fisher Scientific. Graphite powder (< 20 μm) was
obtained from Sigma-Aldrich.
2.2.2 Synthesis of graphene oxide
GO was synthesized from graphite by using modified Hummers Method [82,83] as
described by Heidarizad and Şengör [37]. Briefly, 2 g of graphite powder and 50 mL of sulfuric
acid were placed in a 500 mL beaker in an ice bath on a magnet stirrer. Then 2 g of sodium nitrate
was added to the beaker. While keeping the temperature less than 10 °C, 6 g of potassium
permanganate was slowly added to the suspension. After stirring for 2 h, the solution temperature
was rapidly increased to 98 °C by adding 100 mL of DI water to the beaker and maintained for 30
min. Thereafter, 300 mL of DI water was added to the beaker and allowed to cool to room
temperature. Following that, 20 mL of hydrogen peroxide solution was added while maintaining
stirring for 30 min. The mixture was filtered and washed with hydrochloric acid (5%) and DI water
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several times. After sonication and centrifugation of the dispersion, GO was dried with a freeze
dryer (LABCONCO, FreeZone 2.5).
2.2.3 Synthesis of MgO
MgO nanoparticles were synthesized by the Sol-gel method described elsewhere [37,84].
In brief, 100 g of magnesium chloride hexahydrate and 50 mL DI water were placed in a 1000 mL
beaker and stirred for a few minutes. After dissolving all magnesium chloride hexahydrate in DI
water, 50 mL of 1 N sodium hydroxide was added. The solution was maintained under stirring for
4 h for the generation of magnesium hydroxide. The suspension was then centrifuged and washed
several times with DI water. MgO was dried at 100 °C in an oven overnight. Ultimately, final
nanoparticles of MgO were obtained by calcination in a furnace at 600 °C for 2 h.
2.2.4 Synthesis of GO/MgO NCs
In this study, GO/MgO NCs was synthesized by wet impregnation method as reported by
Heidarizad and Şengör [37,77]. In short, 500 mg of GO and 500 mL of DI water were added to a
1000 mL beaker and sonicated for 2 h. Then, 100 mg of MgO was added to the suspension and
sonicated for 30 min more. Thereafter, the suspension was centrifuged. Finally, dry GO/MgO NCs
were obtained via freeze drying.
2.2.5 Solids Characterization
Fourier Transform Infrared (FTIR) spectroscopy was used for the analysis of chemical bonds
from 4000 to 450 cm−1 wavenumber by using a Perkin Elmer Frontier spectrometer with a diamond
GladiATR Vision (PIKE Technologies) accessory at room temperature. Thermogravimetric
Analysis (TGA) and Derivative Thermogravimetric (DTG) of GO and GO/MgO NCs were
performed with a TA Instruments TGA-SDT 2960 using 10°/min heating rate under 20 mL/min
nitrogen gas flow at a range of 30-800 °C and approximate sample starting weight of 5 mg.
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2.2.6 Experimental apparatus and procedure
Figure 2.1 shows the schematic of the catalytic ozonation experimental setup. The
experimental set up included an air pump (Whisper 40), air dryer, a three stages air filter, flow
meter, an ozone generator (5000BF Ozone Generator, Oxidation Technologies), a magnet stirrer,
a 250 mL gas washing bottle with porosity C (25-50 micron) 25 mm disc as reactor, valves and
tubing. All experiments were carried out in the reactor with the constant stirring to prevent the
catalyst from precipitation. 100 mL of the 500 mg/L phenol synthesized wastewater was ozonated
with an appropriate amount of catalyst for defined times under the hood at ambient temperature.
The effectiveness of different processes and operational variables including adsorption of
GO/MgO nanocomposites, single ozonation, catalytic ozonation of O3/MgO, O3/GO,
O3/GO/MgO, catalyst dosage, and ozone dosage were investigated.

Figure 2.1 The schematic of the catalytic ozonation experimental setup
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2.2.7 Analytical methods
The concentration of phenol was measured using UV–Visible spectrophotometer by measuring the
maximum absorption wavelength at 500 nm. The removal of phenol was evaluated based on the
phenol removal efficiency (%) at time 𝑡 is calculated by the following Equation (2-1):

𝑃ℎ𝑒𝑛𝑜𝑙 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 % = (𝐶0 − 𝐶𝑡 )/𝐶𝑡

(2-1)

where 𝐶0 and 𝐶𝑡 are initial and at time 𝑡 concentrations of phenol (mg/L), respectively. The
concentration of ozone in inlet gas flow was determined by sparging the target stream into a KI
solution (2%) and analyzing the solution using iodometric titration [48]. The concentrations of
phenol were measured based on the colorimetric method by measuring the maximum absorption
wavelength at 500 nm using Thermo Scientific, Evolution 201 UV–Visible spectrophotometer. All
experiments were run in duplicates and the mean values were reported.

2.3

Results and discussion

2.3.1 The catalytic effect of GO/MgO on ozonation process
Catalytic ozonation effects by GO/MgO NCs were examined for oxidization of phenol.
Control experiments were carried out to identify self-adsorption of GO/MgO NCs, ozonation only,
catalytic ozonation using an equal amount of GO, and an equal amount of MgO for removal of
phenol. Figure 2.2 shows the degradation of phenol by different processes in the presence of ozone.
As presented in Figure 2.2, GO/MgO NCs can remove an insignificant amount of phenol by
adsorption at different times, suggesting that self-adsorption could have little impact on phenol
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removal. The adsorption properties of the catalyst are important when discussing the mechanism
of catalytic ozonation. Mostly, to understand the process of the removal of a contaminant which
could carry out via adsorption and/or oxidation process during ozonation. Additionally, the high
adsorption ability of the catalyst for the pollutant can cause permanent blockage of the catalysts
active sites and the decrease of their catalytic activity [85]. Ozone alone can oxidize phenol and
break it down. Catalytic ozonation of phenol using an equal amount of GO and MgO as those in
GO/MgO NCs were also carried out as control experiments. As seen in Figure 2.2, phenol removal
was improved marginally when GO or MgO was used individually as a catalyst, revealing that GO
and MgO at an equal amount of the GO/MgO NCs could generate some ROS for the oxidation of
organic pollutants. On the other hand, GO/MgO NCs as a catalyst significantly increased phenol
degradation. The results show the removal of phenol in catalytic ozonation with 0.2 g/L of
GO/MgO NCs as a catalyst was increased from 30.8% to 54.7% and from 61.5% to 76.9% at 20
minutes and 60 minutes, respectively.
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Figure 2.2 Removal of phenol in solution by ozonation and catalytic ozonation for 60 min.
(experimental conditions: the flowing rate of O3: 85 mg/h, phenol concentration: 500 mg/L,
Volume: 100 mL, Temperature: 20 °C, and pH: uncontrolled.

2.3.2

Probing reactive oxygen species in catalytic ozonation using GO/MgO NCs as a
catalyst
Ozone-based AOPs can simultaneously degrade organic pollutants during direct oxidation

with ozone molecules and/or catalytic reaction by radical oxidation, either homogeneously or
heterogeneously [23,86]. Via direct oxidation, ozone can attack phenol’s ring and break it down.
The ―OH group in the phenol molecule is electron donating and causes activation of the aromatic
ring by increasing its electron density. In addition, because of a high delocalization of electrons on
aromatic compounds, phenol shows improved reactivity toward ozone[26].
To understand the indirect oxidation of phenol in this catalytic ozonation using GO/MgO
NCs as a catalyst, different scavengers were used to emphasize ROS production. It is known that
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•

OH, •O2-, and 1O2 are the dominant ROS species in catalytic ozonation and vary depending on

catalyst [85]. tert-Butanol (t-BA), is a classical quenching agent for hydroxyl radicals with the
reaction rate of 6 × 108 M−1s−1 [75], although t-BA reacts with ozone quite slowly at the reaction
rate of 3 × 10−5M−1s−1 [87]. For quenching 1O2, sodium azide (NaN3) is widely used as the
scavenger with a reaction rate of 2 × 109 M−1s−1, that is also an effective probe for •OH with a
reaction rate of 1 × 109 M−1s−1 because of their close reaction rates [88].

Figure 2.3 Influence of different radical scavengers on the degradation of phenol in ozonation and
catalytic ozonation

The quenching tests are revealed in Figure 2.3 for the removal of phenol at different times.
As is shown in Figure 2.3, the effect of the t-BA and NaN3 on the removal of phenol is very low
and negligible when ozone is the only oxidant. On the other hand, when 12 mM NaN3 or 12 mM
t-BA was added, for instance, the removal of phenol at 20 minutes in catalytic ozonation
dramatically decreased from 53.39 % to 32.88 % and 39.91 %, respectively. The remarkable
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decrease in the removal of phenol suggests that both •OH and 1O2 are the main reactive species for
the GO/MgO NCs promoted catalytic ozonation process.
2.3.3

Mechanism of phenol degradation in catalytic ozonation process and reaction
pathways

The different possible mechanisms involved in phenol degradation via catalytic ozonation using
GO/MgO can occur in both the bulk solution and catalyst surfaces. Ozone is an electrophilic
oxidant that can directly oxidize phenol molecules solubilized in the solution resulting in some
degradation of phenol (Equation (2-2))[45].

𝑂3 + 𝑝ℎ𝑒𝑛𝑜𝑙 → 𝐶𝑂2 + 𝐻2 𝑂 + intermediates

(2-2)

The pH of the point of zero charge (pHpzc) of GO/MgO NCs is determined to be 9.7 [77].
The pH values of the solutions increased from pH =7 to pH ≥ 7.6 within the first minutes of
catalyst addition. Similar results have been reported by previous research [89]. At pH = 7 and
higher, phenolate is the dominant species that can react with ozone six orders of magnitude faster
than phenol [90]. The electrophilic attack of ozone can take place on the ortho and para positions
of the aromatic ring of phenol [91]. If the attack occurs on the ortho position, 1O2 will release and
catechol and hydroquinone are generated as products (Figure 2.4, reaction pathway 1) [92].
Phenols quench 1O2 with very low rate constants that have no significant effect on 1O2 yield [93].
Different pathways are proposed when ozone attacks on the para position [94]. The first
pathway is the cleavage of 1O2 from a primary ozonide (Figure 2.4, reaction pathway 2). The other
pathway leads to the generation of benzoquinone and hydrogen peroxide (Figure 2.4, reaction
pathway 3). It is reported that hydroquinone and p-benzoquinone are the main by-products of direct
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and catalytic ozonation of phenol [26,95]. Since these intermediates are scavengers for •O2- [88],
it can be confirmed that •OH and 1O2 are the main reactive species in ozonation of phenol using
GO/MgO NCs as a catalyst.

Figure 2.4 Proposed reaction pathways when ozone attacks on ortho and para positions of the
phenol. (ChemDraw Pro 8.0)

GO could also help to achieve the local enrichment of ozone molecules on its surface by
an association of the high delocalized 𝜋 electrons on the basal planes [73] and multiple containing
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oxygen groups [96] on the surface of GO that can interact with ozone and generate a large amount
of hydroxyl radicals. Delocalized 𝜋 electrons on the surface of GO have a high affinity toward the
ozone molecules and form an electron acceptor-donor complex with H2O molecules (Equations
(2-3)-(2-6)) yielding hydroxyl ions, and subsequently initiate the adsorbed ozone decomposes into
the surface bound ―O radicals [85]. Ozone decomposition surface reaction for pH = 2-6 (Eqs.46) and pH > 6 (Equations (2-7)-(2-9)) are shown below:
GOπ + 2H2 O ⇄ GOπ ―H3 O+ + OH −

(2-3)

O3 + GO ⇄ O3 ―GO

(2-4)

O3 ―GO ⇄ O―GO + O2

(2-5)

O3 + O―GO ⇄ 2O2 + GO

(2-6)

𝑂𝐻 − + 𝐺𝑂 ⇄ 𝑂𝐻 − 𝐺𝑂

(2-7)

𝑂3 + 𝑂𝐻 − 𝐺𝑂 ⇄ • 𝑂3 − 𝐺𝑂 + • 𝑂𝐻

(2-8)

•

𝑂3 − 𝐺𝑂 ⇄ • 𝑂 − 𝐺𝑂 + O2

(2-9)

GO contains various oxygen-containing functional groups that could interact with ozone
and yield hydroxyl radicals. In order to investigate the functional groups of GO and GO/MgO
NCs, ATR-FTIR spectroscopy was used in the wavenumber range of 4000-450 cm−1 and the
results are shown in Figure 2.5(a).
The broad band in the range of 3100-3500 cm−1 corresponds to the O―H stretching [97].
The peaks located at 1225 cm−1, 1055 cm−1, and 1720 cm−1 are assigned to C―OH, C―O, and
C=O stretching, respectively. Other peaks that appear at 1390 cm−1 and 1630 cm−1 were observed
to attribute to C―O and C=C bonds of the sp2 carbon skeletal [51,98]. Similarly, after coating
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MgO on the surface of GO, the same functional groups mentioned above were found around the
corresponding wavenumber with weaker intensity. The sharp band around 3700 cm−1 on MgO was
related to the presence of hydroxyl groups that comes from the reaction between the surface of
MgO NPs with water or defects [47]. On the other hand, after the catalytic ozonation process using
GO/MgO NCs as a catalyst, some peaks such as 1055 cm−1 and 1390 cm−1 (C―O) were not
detected. Therefore, it can be concluded that these oxygen-containing groups over GO could
interact with ozone and generate ROS. Liu et al. [96] used GO as a catalyst in the synergistic
removal of DEET. He reported that oxygen-containing functional groups on GO could interact
with ozone and yield abundant •OH.
TGA and DTG were employed to investigate the chemical composition and thermal
stability of GO and GO/MgO NCs before and after the catalytic ozonation process. As shown in
Figure 2.5(b), an initial weight loss for the GO curve at a temperature below 130°C could be
ascribed to the removal of the physically adsorbed water molecules [53]. This weight loss is more
visible on the DTG curve for GO. The mass loss for a temperature between 180-300 °C is ascribed
to the decomposition of labile oxygen-containing functional groups, such as hydroxyl, epoxy, and
carboxyl groups between layers of GO [99]. TGA and DTG curves of GO are very sharp at those
temperatures. The curve of GO/MgO NCs before the catalytic ozonation process displays an initial
decomposition above 220 °C and the maximum weight loss occurs at 630 °C, presumably due to
pyrolysis of the labile oxygen-containing functional groups and the decomposition of the carbon
structures [100–102]. The catalyst after the catalytic ozonation process showed very high thermal
stability and the total weight lost was about 35% compared to 53% for the catalyst before the
catalytic ozonation process. As is shown in Figure 2.5(b) for GO/MgO after the catalytic

43

ozonation, no sharp dip on the DTG curve is observed. Previous reports indicate that this smaller
mass-loss can be due to the absence of most oxygen functional groups [103,104].
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Figure 2.5 a) FTIR spectra of GO and GO/MgO NCs before and after ozonation. b) Thermal
gravimetric analysis (TGA) of GO, and GO/MgO NCs before and after catalytic ozonation process

While the prior discussed pathways highlight GO interactions to promote free radicals, other
pathways are likely important. Metal oxides such as MgO have the ability to exchanges ligands on
their Lewis acid sites (𝑀𝑔𝑂 − 𝑆) and donate sites for reaction with ozone [45,85] . The following
mechanisms are suggested for the oxidation of phenol in catalytic ozonation:
𝑀𝑔𝑂 − 𝑆 + 𝑂3 → 𝑀𝑔𝑂 − 𝑆 𝑂3

(2-10)

•

𝑀𝑔𝑂 − 𝑆 𝑂3 → 𝑀𝑔𝑂 − 𝑆 𝑂 + 𝑂2
•

𝑀𝑔𝑂 − 𝑆 𝑂 + 2𝐻2 𝑂 + 𝑂3 → 𝑀𝑔𝑂 − 𝑆

(2-11)
•𝑂𝐻

+ 3 •OH + 𝑂2

•

𝑀𝑔𝑂 − 𝑆 𝑂 + 𝑝ℎ𝑒𝑛𝑜𝑙 → 𝐶𝑂2 + 𝐻2 𝑂 + 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒𝑠

(2-12)
(2-13)

According to Equations (2-10)-(2-13), ozone molecules and hydroxyl groups on MgO
surface form hydrogen bonds [105,106]. Thereafter, the bonded ozone partly decomposes to
atomic oxygen that can expedite phenol degradation [106].
2.3.4 Effect of ozone dosage on catalytic ozonation process
The effect of ozone dosage on the catalytic ozonation of phenol, with a dosage range from
20 to 120 mg/h was investigated, and the results are presented in Figure 2.6(a). It is shown that the
removal of phenol increased with the increase of ozone dosage. Ozone can decompose phenol and
also is the initiator for the production of reactive oxygen species. Therefore, an increased amount
of ozone in the presence of GO/MgO NCs makes more ozone molecules available to contribute to
the reaction and enhancement of ROS production. Based on the data shown in Figure 2.6(a), phenol
45

degradation in the O3/GO/MgO process at 60 minutes increased from around 31.1% at the ozone
dosage of 20 mg/h to 84.4% when the dosage of ozone was increased to 85 mg/h. After a further
increase in ozone dosage from 85 to 100 and 125 mg/h, however, the phenol removal percentage
remained almost unchanged. Hence, the optimum catalyst dosages for removal of 500 mg/L of
phenol was selected at 85 mg/h of ozone and used in the following experiments.
2.3.5 Effect of GO/MgO NCs dosage on catalytic ozonation process
The performance of catalytic ozonation for removal of phenol was studied in the presence
of various dosage of GO/MgO NCs, in the range of 0-1 g/L. According to Fig 3.6b, GO/MgO NCs
as a catalyst improved the oxidation of phenol in the ozonation process. The phenol removal
increased from 60.8% in the absence of the catalyst to 90.9% in the presence of 0.5 g/L GO/MgO
NCs. Thereafter, it improved slightly to over 94% when the GO/MgO NCs dosage was increased
to 0.75 g/L. Similarly, other researchers have reported increased oxidation efficiency in graphene
oxide[96] and metal-based [105] catalytic oxidation process with an increase of catalyst dosage.
A further increase in GO/MgO NCs dosage to 1 g/L did not increase the phenol removal efficiency.
This can be explained that when the catalyst amount was above the optimal value during catalytic
ozonation, GO/MgO NCs may block the ozone mass transfer process or excess GO/MgO NCs may
quench the active species, such as •OH [96,107]. According to experimental results, 0.5 g/L of
GO/MgO NCs was selected as the optimum catalyst dosage for the removal of phenol in catalytic
ozonation for the subsequent experiments.
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Figure 2.6 a) Effect of ozone dosage on phenol removal in the O3/GO/MgO process (experimental
conditions: GO/MgO: 0.2 g/L, phenol concentration: 500 mg/L, Volume: 100 mL, Temperature:
20 °C, and pH: uncontrolled). b) Effect of catalyst dosage on phenol removal in the O3/GO/MgO
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process (experimental conditions: the flowing rate of O3: 85 mg/h, phenol concentration: 500
mg/L, Volume: 100 mL, Temperature: 20 °C, and pH: uncontrolled).

2.3.6 Kinetic of degradation of phenol in catalytic ozonation using GO/MgO as a catalyst
Based on experimental data, the efficiency of phenol removal after an increase in ozone dosage of
85 mg/h and catalyst dosage of 0.5 g/L was insignificant, therefore they were considered as the
optimum dosages. The kinetic of degradation of phenol in catalytic ozonation process was
investigated at the selected experimental conditions (the flow rate of O3: 85 mg/h, GO/MgO NCs
dosage: 0.5 g/L, respectively; pH: uncontrolled, phenol concentration: 500 mg/L, and reaction
time: 0-60 min). The pseudo-first order reaction model is used to represent the ozonation and
catalytic ozonation by the following Equation (2-14) [27]:
𝑘𝐶𝐴 = − 𝑑𝐶𝐴 /𝑑𝑡

(2-14)

where 𝑘 (min-1) is the kinetic constant of the pseudo-first order catalytic ozonation, and 𝐶𝐴 is the
concentration of phenol. The logarithmic plot of the concentration of phenol is shown in Figure
2.7.
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Figure 2.7 Pseudo-first order kinetics for phenol degradation in ozonation and catalytic ozonation
processes (experimental conditions: the flowing rate of O3: 85 mg/h, GO/MgO NCs dosage: 0.5
g/L, phenol concentration: 500 mg/L, Volume: 100 mL, Temperature: 20 °C, and pH:
uncontrolled)

The determination coefficient (𝑟 2 ) was higher than 0.99 for both ozonation and catalytic
ozonation processes. Based on the experiment data the 𝑘 values were determined 0.0151 and
0.0566 min-1 for ozonation alone and catalytic ozonation using GO/MgO as a catalyst,
respectively. Apparently, the kinetic constant of GO/MgO catalyst is about 2.8 times as high as
that of ozonation alone. These results suggest that the synthesized GO/MgO NCs can be used as
an effective catalyst for the ozonation degradation of phenol with the high catalytic ability.
2.3.7 Effect of pH on the catalytic ozonation process
The pH is an important parameter affecting catalyst surface property, mechanism of ozone
decomposition, and ozone stability [108–110]. Specifically, at higher pHs ozone decomposition
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and hydroxyl radical generation accelerate [36]. Therefore, it is necessary to examine the influence
of pH on phenol removal during the O3/GO/MgO process. When pH was uncontrolled, the initial
pH of the solution was increased to ≥ 7.6 after adding GO/MgO NCs. It was also variable during
the catalytic ozonation process. Figure 2.8(a) shows the pH of the solution during different reaction
times. The pH value decreased gradually to 2.9 after 60 minutes, that is attributed to the breaking
of the aromatic ring of phenol into small chain fatty acids such as acrylic acid, malonic acid, acetic
acid, and oxalic acid [111]. The degradation status of phenol by the O3/GO/MgO process at
different pH conditions is shown in Figure 2.8(b). It can be seen that the removal of phenol was
quite similar at pH of 5, 6, 7, and 8. As the pH increases, the removal of phenol increased from
82.8% to 88.6, 92.6, and 97.4 % at pH of 9, 10, and 11, respectively. Similar results were reported
that the high solution pH enhanced the removal efficiency of p-CNB in sole ozonation and catalytic
ozonation [112]. Ozone decomposition significantly accelerated at higher pH because OH− ions
enhance ozone molecules transformation into •OH and •O-GO radicals (Eqs.7-9). Therefore, more
ROS participate in the catalytic ozonation process and the oxidation rate of the target contaminants
could be increased [113].
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Figure 2.8 (a) Variation of pH value for the phenol solutions during O3/GO/MgO process. The
initial pH is uncontrolled. (b) Removal of phenol in O3/GO/MgO process at various pH values.
(experimental conditions: the flowing rate of O3: 85 mg/h, GO/MgO dosage: 0.5 g/L, phenol
concentration: 500 mg/L, Volume: 100 mL, Temperature: 20 °C)
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2.4

Conclusion
In this chapter, GO/MgO NCs were applied as a catalyst for the ozonation process for removal

of phenol. The experimental results confirmed GO/MgO NCs as a catalyst significantly increased
phenol degradation relative to controls in the ozonation process. The analysis of reactive oxygen
species in catalytic ozonation showed both •OH and 1O2 are the dominant reactive species in the
reactions. A pseudo-first order reaction model was applied to represent catalytic ozonation and
the pseudo rate constant (k) of phenol degradation in this study was found to be 0.0566 min-1 under
the following experimental conditions: phenol and GO/MgO NCs concentrations= 500 mg/L, 0.5
g/L, respectively; O3 dose= 85 mg/h; reaction time = 60 min. In summary, this study shows that a
GO/MgO/O3 AOP is very efficient for the removal of potentially toxic and treatment inhibitory
compounds such as phenol. Such a process can thus be considered as a viable treatment option in
wastewaters bearing such compounds.
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3

CHAPTER 4

Central composite design and surface response methodology for catalytic advanced
oxidation of phenol using GO/MgO nanocomposites

3.1

Introduction
In Chapter 3, the effect of certain parameters on the degradation of phenol in catalytic

ozonation using GO/MgO NCs as a catalyst was investigated individually. To investigate the effect
of each parameter on the removal of phenol, more than two hundred tests were performed. In each
set of experiments, changes in the value of one parameter were studied while the other parameters
are constant. Then, the optimal value was selected based on the results of experiments. In this
method, the phenol removal was calculated without considering the interaction between
parameters. Therefore, each parameter has been studied individually, which gives less information
on the relationship between experimental parameters. In the following study, we are evaluating the
relationship between independent parameters time, ozone dosage, and catalyst dosage as a function
of phenol removal (%). For this purpose, the design of experiments (DOE) which is introduced by
Fisher [114] combined with response surface methodology (RSM) was applied using Minitab 18
software.
DOE gives a meaningful comparison between so-called classical experimental design (one
factor at a time) and statistically designed experiments. DOE is a planned approach for determining
cause and effect relationships. Therefore, DOE helps to (a) reduce the number of experiments or
trials, (b) simultaneously change all factors that affect the results, and (c) select a clear strategy
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that gives reliable solutions to be obtained after each sequence of experiments [115]. The design
and statistical analysis of experiments have resulted in the development of RSM used for process
optimization. RSM is the applicable design of experiments in the chemical industry [116]. RSM
is a hybrid of mathematical and statistical methods helpful for designing experiments, creating
models and evaluating the problems in which an output of interest is impacted by various
independent variables while the optimum conditions are determined from desirable output. This
method combined with Analysis of Variance (ANOVA) gives very constructive and useful
information about the main effects and interactions between variables and their contribution to the
response.
ANOVA is one of the most widely used statistical methods for hypothesis testing. ANOVA
tests the hypothesis that the means of two or more populations are equal. ANOVAs assess the
importance of one or more factors by comparing the response variable means at different factor
levels. The null hypothesis states that all population means (factor level means) are equal while
the alternative hypothesis states that at least one is different [117]. To determine whether any of
the differences between the means are statistically significant, the probability value (P-value) is
compared to the significance level to assess the null hypothesis. The null hypothesis states that the
population means are all equal. Usually, a significance level (α) of 0.05 works well. A significance
level of 0.05 indicates a 5% risk of concluding that a difference exists when there is no actual
difference. An ANOVA with a 95% confidence level shows the significance of the independence
of variables and their interactions [118].

3.2

Methods
To understand the relationship between effective parameters for removal of phenol a second-

degree polynomial equation was applied. Three design factors were selected, namely, time (𝑡),
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ozone dosage (𝑂3 ), and catalyst dosage (𝐶) using the response surface methodology coupled
with central composite design (CCD) to study optimization of phenol removal (%). The RSM
coordinated with CCD is a common methodology due to lower relative error in terms of
experimental combinations and it expresses well the complex functions of the response[119]. As
is shown in Table 3.1 Design factor levels were coded -α (Lowest), -1 (low), 0 (central point), +1
(high) and +α (highest). This RSM was applied to the experimental data obtained using the
statistical software, Minitab® 18 [120]. The summary of the design of experiments is presented in

Table 3.2.
Table 3.1 Design matrix for the CCD for the catalytic ozonation of phenol
Factor

Unit

Levels
-α

-1

0

+1

+α

Time

min

26.36

40

60

80

93.6

Ozone

mg/h

46.3

60

80

100

113.6

Catalyst

g/L

0.33

0.4

0.5

0.6

0.66

Table 3.2 Summary of experimental design
Ozone

Time

Catalyst

(mg/h)

(min)

(g/L)

1

100

80

0.6

2

80

60

0.5

3

60

40

0.6

4

80

60

0.5

Run
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5

80

60

0.5

6

60

40

0.6

7

80

60

0.5

8

80

60

0.5

9

100

80

0.6

10

80

93.6

0.5

11

113.6

60

0.5

12

100

40

0.6

13

100

80

0.4

14

100

40

0.6

15

46.3

60

0.5

16

80

93.6

0.5

17

100

40

0.4

18

60

40

0.4

19

80

60

0.5

20

80

60

0.5

21

80

60

0.66

22

80

26.3

0.5

23

80

60

0.33

24

60

80

0.4

25

80

60

0.5

26

80

60

0.33

27

80

26.3

0.5

28

80

60

0.66

29

100

80

0.4

30

100

40

0.4

31

60

80

0.4

32

80

60

0.5

33

60

40

0.4

34

80

60

0.5

35

80

60

0.5
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36

60

80

0.6

37

46.3

60

0.5

38

80

60

0.5

39

113.6

60

0.5

40

60

80

0.6

The generalized second-order polynomial model proposed for the response surface analysis
was given as follows (Equation (3-1)) [121]:

𝑦 = 𝛽0 + ∑𝑘𝑖=1 𝛽𝑖 𝑥𝑖 + ∑𝑘𝑗=1 ∑𝑘𝑖=1 𝛽𝑖𝑗 𝑥𝑖 𝑥𝑗 + ∑𝑘𝑖=1 𝛽𝑖𝑖 𝑥𝑖2 + 𝜀

(3-1)

where 𝑦 is the predicted response, 𝑥𝑖 , 𝑥𝑗 are the coded values of the independent variables, 𝛽0 is
the regression coefficient for the intercept, 𝛽𝑖 are the linear regression coefficients, 𝛽𝑖𝑗 are the
regression coefficients for interaction terms, 𝛽𝑖𝑖 are the quadratic regression coefficients, 𝜀
represents the random error, and 𝑘 is the number of factors. In this study, phenol removal (%) is
the predicted response. The regression equation for removal with three studied variables as shown
in Equation (3-2):
̂ = 𝛽0 + 𝛽1 𝐶 + 𝛽2 𝑂3 + 𝛽3 𝑡 + 𝛽4 (𝐶. 𝑂3 ) + 𝛽5 (𝐶. 𝑡) + 𝛽6 (𝑂3 . 𝑡) + 𝛽7 𝑂32
%
(3-2)
+ 𝛽8 𝐶 2 + 𝛽9 𝑡 2
ANOVA testing was used to examine the quality of the model by determining the degree
of confidence in the results. In statistical hypothesis testing, the P-value is the probability when
the null hypothesis is true, the statistical summary would be greater than or equal to the actual
observed results. Based on the 𝑃-value, the coefficients are chosen, then each quadratic equation
is written according to the obtained coefficients. When the P-value ≤ α, the differences between
57

some of the means are statistically significant. If the P-value is less than or equal to the significance
level, the null hypothesis is rejected and it is concluded that not all of the variable means are equal.
When the P-value > α, the differences between the means are not statistically significant. If the Pvalue is greater than the significance level, there is not enough evidence to reject the null
hypothesis that the variable means are all equal. The P < 0.05 indicates that the model terms were
significant. Some concepts of regression are listed in Equations (3-3)-(3-9) :

̂𝑖 − 𝑌̅)2
𝑆𝑆𝑅 = ∑(𝑌

(3-3)

̂𝑖 )2
𝑆𝑆𝐸 = ∑(𝑌𝑖 − 𝑌

(3-4)

𝑆𝑆𝑇 = 𝑆𝑆𝑅 + 𝑆𝑆𝐸

(3-5)

𝑆𝑆𝑇 = ∑(𝑌𝑖 − 𝑌̅)2

(3-6)

𝑅 2 = 𝑆𝑆𝑅/𝑆𝑆𝑇

(3-7)

𝐷𝐹 = 𝑛 − 𝑘 − 1

(3-8)

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑅 2 = 1 − (1 − 𝑅 2 )

𝑛−1

(3-9)

𝑛−𝑘−1

𝑀𝑆 = 𝑆𝑆/𝐷𝐹

(3-10)

In Equation (3-3), SSR is the sum of squares due to regression, it is the sum of the difference
between the predicted value and the mean of the dependent variable, 𝑌̂ is the predicted value of Y
for a given value of X variables, 𝑌̅ is the mean value of Y (observation). SSE is the sum of squares
due to error (Equation (3-4)). In Equations (3-5)-(3-6), SST is the sum of squares total. DF is the
degrees of freedom in Equation (3-8), where n is the number of observations, k is the number of

58

explanatory (X) variables. As DF decreases (i.e. more variables added to a given model) R2 will
only increase (Equation (3-9)). In Equation (3-10), mean square represent by MS and equal to
ratio of the SS and DF.
The quality of the model was justified based on the R2 value. A high R2 value close to one
shows a good agreement between the calculated and observed results within the range of the
experiment and also shows desirable and reasonable agreement with the adjusted-R2 value [122].
R2 determines how well the model fits the data. The higher the R2 value, the better the model fits
the data. Adjusted-R2 is the percentage of the variation in the response that is explained by the
model and it is less than R2.

3.3

Results and discussion

The Minitab 2018 software was used in this study to develop a quadratic polynomial equation that
links the response phenol removal (%) with three studied variables as shown below in Equation
(3-11). The coefficients and the P-Value for each term are shown in
Removal % = 26.6 + 0.175 O3 + 1.306 t - 81.9 C - 0.00043 O3.O3
(3-11)
- 0.00547 t.t + 46.5 C.C - 0.00285 O3.t + 0.659 O3.C + 0.040 t.C
Table 3.3.

Table 3.3 Coefficient and P-value for the terms
Term

Coef

P-value

Constant

26.6

0.000
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Ozone

0.175

0.000

Time

1.306

0.000

Catalyst

-81.9

0.000

Ozone*Ozone

-0.00043 0.701

Time*Time

-0.00547 0.000

Catalyst*Catalyst
Ozone*Time

46.5

0.302

-0.00285 0.064

Ozone*Catalyst

0.659

0.034

Time*Catalyst

0.040

0.893

The results indicate that the R2 value is more than 0.94 and Adjusted-R2 is in a reasonable
agreement with R2. The Predicted-R2 value was found 0.89 that is close to Adjusted-R2 which was
0.93. This result confirms the existence of a good correlation between the data involved in the
adopted model [123].
Figure 3.1(a) shows the residuals vs. the fitted plot. Plotting residuals versus the value of
a fitted model verify the assumption that the residuals are randomly distributed and have constant
variance. Ideally, the points should fall randomly on both sides of 0, with no recognizable patterns
in the residual data. As is shown, the residual data that are evenly and randomly distributed about
the “0” axis. Figure 3.1(b) shows a normal probability plot of the residuals. The normal probability
plot displays the residuals versus their expected values when the distribution is normal. This plot
verifies the assumption that the residuals are normally distributed. The normal probability plot of
the residuals should approximately follow a straight line. Figure 3.1(b) shows the results are
normal and the outliers are absent in the model. Figure 3.1(c) is a histogram of the residual versus
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frequency. The histogram of the residuals can be used to check whether the variance is normally
distributed. The symmetric bell-shaped histogram, which is evenly distributed around zero,
indicates that the normality assumption is likely correct. The figure shows a normal distribution of
residuals produced by the model for the removal of phenol (%). This means that in that the model
explains all trends in the dataset. Figure 3.1(d) shows residuals versus order. Independent residuals
show no trends or patterns when displayed in time order. Patterns in the data may indicate that
residuals near each other may be correlated, and thus, not independent. Preferably, the residuals
on the plot should fall randomly around the centre line. As it is shown in Figure 3.1(d), no trend is
observed.
(a)
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(b)

(c)
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(d)

Figure 3.1 Plot of raw residuals vs case number (a), Probability as a function of residual (b),
Histogram graph (c), and observation order vs residual (d)
The variables of the ANOVA are shown in Table 3.4. F-value and P-value were used to
represent the importance of the variables in the quadratic model. In addition, the sum of squares
(SS), degree of freedom (DF), and mean squares (MS) were calculated. The MS value of a model
term in an ANOVA table is obtained by dividing SS over DF and F-value is obtained by dividing
MS due to the model term by MS due to error. A larger F-value and lower P-value of a model term
in an ANOVA indicate good significance of the term over other variables [124].
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Table 3.4 Analysis of variance for the removal of the phenol in the catalytic advanced oxidation
process
Source

DF

Model

9

MS

F-value

P-value

3204.76

356.08

62.99

0.000

3

3004.55

1001.52

177.15

0.000

Ozone

1

767.11

767.11

135.69

0.000

Time

1

2130.64

2130.64

376.87

0.000

Catalyst

1

106.80

106.80

18.89

0.000

3

151.44

50.48

8.93

0.000

Ozone*Ozone

1

0.85

0.85

0.15

0.701

Time*Time

1

137.87

137.87

24.39

0.000

Catalyst*Catalyst 1

6.24

6.24

1.10

0.302

2-Way Interaction 3

48.77

16.26

2.88

0.053

1

20.86

20.86

3.69

0.064

Ozone*Catalyst 1

27.80

27.80

4.92

0.034

Time*Catalyst

1

0.10

0.10

0.02

0.893

30

169.60

5.65

Lack-of-Fit

5

144.73

28.95

Pure Error

25

24.88

1.00

39

3374.36

Linear

Square

Ozone*Time

Error

Total

SS

In Table 3.4, the F-value (62.99) for the model indicates the goodness and usefulness of
the presented model. As the significance level is α = 0.05, there are 9 degrees (DF Model) of
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freedom in the numerator, and 30 (DF Error) degrees of freedom in the denominator, then the
critical F-value is equal to 2.21 obtained from F-distribution table (Appendix A).
Also, the critical F-value is calculated for each factor and equal to 4.17 because the degree
of freedom for each factor is equal to 1 and the degree of freedom for the residual is 30. Therefore,
an F-value greater than the critical F-value (4.17) is equivalent to a P-value less than α and both
mean that the factor is impactful. Pareto chart determines the magnetite and importance of the
effect of variables [125,126]. It reveals that factors time, ozone, time*time, catalyst, and
ozone*catalyst are the most powerful factors for the removal of phenol in a catalytic advanced
oxidation process in a quadratic polynomial equation. Figure 3.2 shows the standardized main
effect Pareto chart. The red line on the Pareto chart is drawn at t-distribution with degrees of
freedom equal to the degrees of freedom for the error term. According to the t-distribution table
(Appendix B), the t-value (the red line) is equal to 2.04 where the degrees of freedom of error term
is 30 and α = 0.05. The t-value greater than the critical value (2.04) means that the factor is
controlling in the equations. The other factors were removed in the model. Finally, the postulated
model is validated and can be used for the prediction of responses within the experimental domain
as given in Equation (3-12) :
Phenol removal %

= 26.6 + 0.175 O3 + 1.306 t - 81.9 C - 0.00547 t*t + 0.659 O3*C (3-12)

65

Figure 3.2 Standardized main effect Pareto chart for the Central Composite Design of removal of
phenol
Figure 3.3(a) demonstrates the main effect plot for removal. This plot is used to examine
the differences between level means for one or more factors. There is the main effect when
different levels of a factor affect the response differently. As shown in the Fig 4.3a, ozone = 80
mg/h, time = 60 minutes, and catalyst = 0.5 g/L are effective parameters for removal of 80% of
phenol in a catalytic advanced oxidation process.
Figure 3.3(b) shows fitted response surface and contour plots for the removal (%) across
variables. The bent nature of the curves is a good indication of the interaction between parameters.
In each plot, the interaction of any two variables on the adsorption process is studied keeping the
other variables constant.
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(a)

(b)
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Figure 3.3 Main effects plot and interaction plot for removal of phenol
Figure 3.4 demonstrates the fitted response surface and contour plots for the removal (%)
across variables. The bent nature of the curves is a good indication of the interaction between
parameters. According to Figure 3.4(a) and Figure 3.4(b), the response surface plots show the
relation among the ozone and time, while the catalyst dosage is constant at 0.5 g/L. The increase
in phenol removal (%) is observed with rising ozone dosage and time. Figure 3.4(c) and Figure
3.4(d), the response surface plots of the relation among the ozone and catalyst, while the time is
constant at 60 minutes. The graphs show phenol removal (%) increases with the increase of ozone
and catalyst dosage. Figure 3.4(e) and Figure 3.4(f), the response surface plots of the relation
among the time and catalyst. The ozone dosage is constant at 80 mg/h for Figure 3.4(e) and Figure
3.4(f). The graphs show phenol removal (%) increases with the increase of time and catalyst
dosage.
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(a)

(b)
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(c)

(d)
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(e)

(f)
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Figure 3.4 Surface plot and contour plot of phenol removal across variables

3.4

Conclusion
In this chapter, a second-degree polynomial equation was applied to study the relationship

between ozone, time, and catalyst for the removal of phenol in an advanced oxidation process,
specifically, using GO/MgO NCs as a catalyst during ozonation. The RSM coupled with a CCD
was applied to investigate the optimization of phenol removal. The optimization procedure
produced high and significant R2 (0.94) and Adjusted-R2 (0.93) values for phenol removal, giving
good accordance between the model and experimental data. The results also prove that RSM is a
powerful tool for optimizing the operational conditions of phenol removal efficiency using the
GO/MgO NCs as a catalyst in the advanced oxidation process.
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4

CHAPTER 5

Summary and future research
This dissertation introduces a new NC material for the removal of pollutants from
wastewater via an adsorption process or as a catalyst in the advanced oxidation processes. To show
the capabilities of the synthesized GO/MgO NC, it was used as an adsorbent for removal of
Methylene Blue and as a catalyst in advanced oxidation of phenol. Also, central composite design
and surface response methodology was applied to study the optimization and modelling of phenol
removal in advanced oxidation processes.

4.1

Summary of the current work
In the first part of this dissertation, a series of graphene oxide/magnesium oxide

nanocomposites (GO/MgO NCs) were synthesized and applied for the removal of Methylene Blue
(MB) from aqueous solutions. The prepared NCs were characterized using scanning electron
microscopy, transmission electron microscopy, X-ray diffraction, Fourier transform infrared
spectroscopy, X-ray photoelectron spectroscopy, and thermogravimetric analysis. The results
showed that MgO particles were successfully adhered on GO. The impacts of different
experimental variables on the removal of MB including GO/MgO NCs dosage, pH, contact time,
and initial MB concentration were then investigated. A Langmuir isotherm model best fit the
experimental analysis of adsorption isotherms. Among the three different synthesized weight ratios
of GO/MgO (5:1, 1:1, and 1:5), 5:1 ratio showed the maximum adsorption capacity as 833 mg/g,
which is higher than any previously reported GO-based composites. The synthesized GO/MgO
NC is also observed to have higher adsorption capacity for MB removal, in comparison with pure
GO and MgO. The kinetic adsorption data were best described by a pseudo-second-order kinetic
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model. The pH of point of zero charge (pHpzc) of GO/MgO NCs was determined to be 9.7, 10.5,
and 10.5 for ratios 5:1, 1:1, and 1:5, respectively. The results revealed that electrostatic attraction
can be the dominant mechanism of adsorption between GO/MgO NCs and MB for pH values
above the pHpzc; whereas for values below the pHpzc, other adsorption mechanisms, such as
hydrogen bonding and π–π interactions, are likely.
In the second part of this dissertation, we investigated the mechanism and kinetics of the
ozonation process in the presence of GO/MgO NCs as a catalyst for the degradation of phenol.
The generation of reactive oxygen species, such as hydroxyl radicals (•OH) and singlet oxygens
(1O2), was studied during catalytic ozonation using tert-Butyl alcohol and sodium azide as radical
specific scavengers. The mechanism and reaction pathways of phenol degradation under catalytic
ozonation were studied. Figure 4.1 illustrates the oxidation mechanisms of phenol oxidation in the
catalytic advanced oxidation process using GO/MgO as a catalyst. GO/MgO NCs before and after
ozonation process were characterized by FTIR and TGA-DTG. The effects of different
experimental variables on the degradation of phenol including GO/MgO NCs dosage, ozone
dosage, and pH were investigated. The results showed the optimum dosage of the catalyst and
ozone for removal of 500 mg/L of phenol were found at 0.5 g/L and 85 mg/h, respectively. Kinetic
experiments resulted in GO/MgO NCs catalyzed the decomposition of phenol at a significantly
higher rate (0.0566 min-1) when compared with ozonation alone (0.0151 min-1).
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Figure 4.1 The schematic of the phenol oxidation under ozonation in the presence of GO/MgO

Finally, in the last part of this dissertation, the relationship between the parameters for the
removal of phenol in catalytic advanced oxidation processes was studied. For this purpose, a
second-degree polynomial equation was applied. Three design factors were selected, time, ozone
dosage, and catalyst dosage using the response surface methodology coupled with CCD to study
optimization of phenol removal. The results indicate that the R2 value was more than 0.94.
Adjusted-R2 and Predicted-R2 were found 0.093 and 0.89, respectively, showing that they are in
reasonable agreement with R2. These results confirm the existence of a good correlation between
the data involved in the adopted model.

4.2

Future work
One of the outstanding questions regarding the application of the new material in the

treatment of water and wastewater is if the new material is economical to produce and use for the
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removal of pollutants from water and wastewater. The new technique addresses the long-standing
challenge of an efficient process for large-scale production of graphene and paves the way for
sustainable synthesis of the material. Recently, researchers have introduced cheap methods such
as using dishwashing liquid and blender [127] or a water-phase non-dispersion exfoliation method
to synthesise graphene [128] to decrease the cost of production. Therefore, we suggest studying
the cost of graphene and magnesium oxide and comparison of the cost of the new synthesized NCs
with other adsorbents such as activated carbon and titanium oxide. Also, we suggest a study of the
removal of emerging contaminants like pharmaceutical and personal care products pollutants from
wastewater in an activated sludge process. These pollutants enter the environment mainly via
regular domestic use. They are potential problems for human health and should be removed before
they enter the environment. They would provide an excellent follow-up to the studies here to test
the breadth of application.
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